In this paper new semi-empirical formulas are developed to evaluate the variation of both real and imaginary parts of soil complex permittivity with depth inside the earth's surface. Computed values using these models show good agreement with published measured values for soils of the same textures and same frequency band. Use of these models may serve to handle more accurate results especially in the ground probing radar (GPR) applications and other applications relating the detection of buried objects inside the earth's surface, where the use of a single average value of the soil complex permittivity had not necessarily led, for most of the times, to accurate results for the electromagnetic fields propagated inside the earth's surface.
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‫ﻛﺎ‬
1-Introduction:
Soil complex permittivity, among many other factors, is very important in the evaluation of reflected, scattered, and transmitted electromagnetic fields inside the earth's surface at different frequency bands. In studying penetrated fields inside the earth surface this requires an accurate knowledge of both the real and the imaginary parts of the soil complex permittivities at different depths. This seems to be of great importance in the study of detection of buried objects inside the earth surface and in the ground probing radar (GPR) applications. In most cases there is a problem arising from the existence of moisture distributed through the different depths. 1 , 2008 In spite of the relatively large measurements of complex permittivity of moist soils at different frequency bands, no attempt, as the authors believe, had been made to model its behavior with depth. Extensive experimental works had been performed to measure the complex permittivity of soils of various types at different frequency bands. Some of these measurements were presented in the form of tables with no correlation among the results obtained [1, 2] , while others had presented their results as empirical formulas describing the behavior of both real and imaginary parts of soil complex permittivity with moisture and soil texture at certain frequency bands [3, 4, 5, 6] .
‫واﻻﻟﻜﺘﺮوﻧﻴﺔ‬ ‫اﻟﻜﻬﺮﺑﺎﺋﻴﺔ‬ ‫ﻟﻠﻬﻨﺪﺳﺔ‬ ‫اﻟﻌﺮاﻗﻴﺔ‬ ‫اﻟﻤﺠﻠﺔ‬
The general form of these formulas is a second or third order polynomial with the moisture as the independent variable and constants depending on soil texture and frequency band.
Recent trends in this field of research are to measure the penetration of electromagnetic signals at different frequencies for different depths inside the earth's surface [7, 8] .The penetration depth is [9] defined as "the distance in the medium over which the intensity of propagating radiation decreases (owing to attenuation) by the exponential factor e-1 (i.e., by about 63%)." However, because of the large contrast between the permittivities of dry soil and water, and because the amount of water in the soil is variable, soil moisture largely controls the permittivity of the soil and thus penetration depth as well. Analyzing the measured data, information could be obtained about soil permittivity at different depths inside ground surface.
2-Formulation of the Problem
The developed model is based essentially on two empirical formulas; the first one had been developed to present the dependence of moisture content in the soil with depth away from the ground surface when it is irrigated [10] . It describes the variation of moisture at different depths when the ground is subjected to several irrigation cycles. Also this formula describes this variation with time after irrigation. According to this model, the variation of water content, in various depths, obeys the relation:
where w is the volumetric water content, D is the depth in cm, and T is the time in days after cessation of irrigation.
The second empirical formula describes the behavior of soil relative permittivity with its moisture. It is in the form [5, 6] : and where ε r ' and ε r '' are the real and imaginary parts of the soil complex permittivity, and the factors A, B, E, A', B', and E' are constants, their values depend on the soil type and the operating frequency. Values of these constants, at certain frequency band, depend on the soil texture. Their values depend primarily on the sand and clay contents of the examined soil.
Knowing the soil texture, the constants A, B, and E can be found in the form [6] : 2008 where S and C are the sand and clay contents in the soil, while the elements a mn can be extracted from tables at certain frequency band [11] . Similarly A, B, and E can be found with their corresponding matrix [ a' mn ]. From these two formulas, a model describing the behavior of soil relative permittivity with depth away from ground surface will be estimated. Empirical formulas describing the dependence of the real part of soil complex permittivity (ε r ) on depth (D) under ground surface and the time (T) after irrigation are found to be: and There are no serious limitations on the use of the two models, except what is called the soil field capacity (w fc ) which represents the value of soil moisture content that can be handled by the soil such that any excessive moisture caused it to be saturated [10] . Soil field capacity depends extremely on the soil texture, and an empirical model had been developed by one of the authors [12] . Hence all computations using the developed models must deal with situations where soils having moisture contents below (w fc ). For situations with soils having moisture contents equal or exceed (w fc ) these models are not valid.
3-Sample of Results
Both real and imaginary parts have been evaluated for soils with any texture and for different frequency bands, as a function of depth inside the earth's surface. Therefore a wide variety of results can be expected to be obtained.
A sample from these results is shown in Figs. (1 to 5) . The soil type chosen is the sandy clay with a texture of 46% clay, 29% silt and 25% clay and the test frequency is 10 GHz.
At this frequency: and Use of these values together with the variation of water contents with depth and time, the real and imaginary parts of this soil sample can be evaluated. (4) and (5) demonstrate the variation of the real and imaginary parts of the permittivity with depth for different times. Results presented in Figs (1-3) have been found to be in good agreement with those presented in [7, 8] after appropriate conversion for same soil texture, frequency band and depths inside 
the earth's surface. These measured results have been presented in a graphical form of depth of penetration versus depth inside the earth's surface. Depth of penetration can be considered as a measure of soil complex permittivity and vice versa. A convenient expression for penetration depth as a function of permittivity (using the small angle approximation) is [13] : (9) where δ p is penetration depth and λ is wavelength, both in millimeters. This expression has been used for results conversion to show the validity of the proposed models.
4-Dicussion of the Results
Figure (6) demonstrates the results offered by the proposed models, together with those reported in [8] , for the sake of comparison. Calculation of the depth of penetration δ p have been based on Equ. (9) and the use of Equs. (5) and (6) .
The general behavior of the moisture profile and δ p with time resulting from the proposed models well agree with reported in [8] . The slight difference shown in Fig.(6) might be explained as follows. The soil sample used in [8] may be texturally different from that used in the present work. The most important factor that the water handling capability of a soil depends on is the sand content. The lower the sand content of a soil, the higher its water handling is.
As mentioned earlier, the soil sample used in this work has a sand content of x%. This may be mainly responsible of the lower moisture content noticeable in the proposed model results. The second reason, which is of less importance, is the frequency according to which computations have been carried out. In the present work, the computations are performed at a frequency of 10 GHz, which is the center of the X-band (8) (9) (10) (11) (12) . In [8] , it has been reported that the measurements were roughly performed in the X-band. As a matter of fact, at the upper X-band frequencies, the depths of penetrations are slightly lower than those obtained at the lower frequencies.
In conclusion, it is likely that in [8] , a soil sample with lower sand content has been used and the measurements have been carried out at an upper X-band frequency , are the most probable reasons for the differences in Fig.(6) .
5-Conclusion
New semi-empirical models had been developed for the estimation of soil complex permittivity and its dependence on depth inside the earth's surface and time after the surface is being irrigated. It is useful for identifying any material in the vicinity of the moist soil; which is of importance in the detection of buried objects.
All the displayed results are given for a defined soil texture and an operating frequency of 10 GHz. Families of curves can be obtained at other frequency bands or for different types of soils using the developed models. Results obtained using the proposed models show good agreement with measured practically for same soil types and at the same frequency band. 1 , 2008 Use of these models present a simple means for evaluating both real and imaginary parts of the relative complex permittivity for a wide variety of soils at different frequency bands as functions of depth inside the earth's surface with consumed both time and effort compared with the costly and time consuming practical in situ measurements. . Penetration depth and the water content profiles resulting from the proposed models together with those reported in [8] .
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